ABSTRACT: Myocardial dysfunction, hypotension, and increased pulmonary artery pressure are induced by asphyxia in neonates. We sought to define left ventricular (LV) systolic function by measuring longitudinal and radial contraction by strain Doppler echocardiography (SDE) in hypoxemic newborn pigs. Hypoxemia was induced in 11 anesthetized and instrumented newborn pigs by ventilation with 8% O 2 in nitrogen. When mean arterial blood pressure (BP) decreased to 15 mm Hg or arterial base excess reached Ϫ20 mmol/L or less, the pigs were reoxygenated and ventilated for 150 min. Echocardiography was performed at baseline and during hypoxemia and reoxygenation. Baseline measurements of myocardial peak systolic strain demonstrated normal longitudinal shortening and radial thickening. During hypoxemia, systolic longitudinal shortening in the mid-posterior and septal segments changed to systolic stretching. Peak strain in the mid-lateral and anterior segments decreased but without signs of paradox wall motion. Short-axis peak strain remained positive during hypoxemia, although the amplitude was reduced and delayed with respect to timing. In the newborn pig heart, we found a complex and heterogeneous systolic pattern with distinct regional differences during global hypoxemia. Rapid changes in LV function during hypoxemia and reoxygenation are assessable by SDE, and the results indicate that longitudinal systolic contraction is more vulnerable to hypoxemic changes than radial contraction. To explore the full picture of a global hypoxemic injury, both long-and short-axis functions have to be considered. 
N eonatal asphyxia may induce myocardial dysfunction (1, 2) . The clinical picture varies from brady-or tachycardia to cardiogenic shock (3, 4) , and the transient abnormalities described include hypotension, myocardial ischemia, mitral and/or tricuspid regurgitation, and pulmonary hypertension (5, 6) . During the first postnatal hours, there is an inverse relationship between tricuspid velocity and age (7) , and a relationship between low alveolar oxygen tension and increased pulmonary vascular resistance (8) . The diagnosis of impaired myocardial function subsequent to a hypoxicischemic insult is of major importance to improve outcome in the asphyxiated neonates.
Traditionally, LV systolic function has been assessed by M-mode measurement of the radial movements and myocardial wall thickness. Longitudinal shortening, however, is described as an index of global LV function (9) and is significantly depressed during regional ischemia in humans and experimental animal models (10, 11) . LV longitudinal shortening is supposed to be a sensitive marker of ischemia because the subendocardial muscle fibers of LV are the most susceptible to ischemia (12) . However, LV function is a result of the combined contraction of the differently oriented muscle fibers (13) .
The complex myocardial geometry is responsible for both longitudinal and radial contraction and the LV torsion (14) . Previous research has studied myocardial contraction patterns, including changes in contraction during regional ischemia and reperfusion (12, (15) (16) (17) . Human studies have shown that longitudinal movement derived from the subendocardial and subepicardial muscle fibers slightly precede radial movements resulting from circumferential and radial fibers (18) . Characteristic relations between long-and short-axis motion in healthy individuals are described, and their loss is an early index of systolic ventricular disease (18, 19) . During studies in an adult population, the combined assessment of both radial and longitudinal LV function by tissue Doppler imaging was needed to describe LV dysfunction (20 -22) .
Strain Doppler echocardiography (SDE) is a new powerful noninvasive diagnostic tool to assess LV function (23, 24) .
Strain is directly related to myocardial fiber shortening (change in length per unit length) and reflects deformation of myocardium. Thus, strain describes the contraction/relaxation pattern in the myocardium (25) , and both longitudinal and radial strain may be assessed by this Doppler technique. Strain and strain rate have been shown to be superior to tissue Doppler velocity for measuring systolic function (10, 26) because neither of these modalities is influenced by segment tethering or cardiac translation (27) .
The present study used SDE to assess systolic myocardial longitudinal and radial deformation during global hypoxemia and reoxygenation in newborn pigs.
METHODS
Animal preparation. Of 20 newborn Landrace pigs of either sex (age 14 to 36 h) weighing 1.6 -2.7 kg, 11 pigs were selected and included in the study. Pigs were excluded after a period of recovery due to persistently low BP or widespread severe differences in regional functions as assessed by SDE. The pigs were anesthetized and tracheostomized as previously described (28) and mechanically ventilated with a pressure-controlled ventilator (Babylog 8000ϩ, Drägerwerk, Lübeck, Germany). Normoventilation (PaCO 2 4.5-6.0 kPa) was achieved by adjusting peak inspiratory pressure (PIP) or ventilatory rate (30 -40 breaths per minute). Inspired fraction of O 2 and end-tidal CO 2 were continuously monitored (CO 2 SMO, Respironics, Murrysville, PA). Throughout the experiment, general anesthesia was given as a continuous infusion with fentanyl 50 g/kg and midazolam 0.25 mg/kg (IVAC P2000 infusion pump). A continuous i.v. infusion with Salidex (glucose 35 g/L, NaCl 50 mmol/L) was given, and the S-glucose was kept in the range of 2-10 mmol/L. The electrocardiogram was continuously monitored using limb leads. Rectal temperature was maintained between 38 and 40°C with a heating blanket and a radiant heating lamp. A suction catheter was placed into the gastric ventricle to empty any air.
The animals were cared for and handled in accordance with the European Guidelines for Use of Experimental Animals, and the experimental protocol was approved by the Norwegian Council for Animal Research.
Experimental protocol. The animals were stabilized for 1 h after the initial procedures. Hypoxemia was then achieved by ventilation with a gas mixture of 8% O 2 in N 2 until either mean arterial BP decreased to 15 mm Hg or base excess reached Ϫ20 mmol/L. The pigs were then reoxygenated with ambient air or 100% oxygen for 30 min and further ventilated with ambient air for another 120 min. Because there were no differences between the pigs as assessed by SDE, the results are combined. At the end of the experiment, the piglets were given an overdose of 150 mg/kg i.v. pentobarbital.
Pressure measurements. The femoral artery and left external jugular vein were cannulated (polyethylene catheters Portex PE-50, Portex Ltd. Hythe, Kent, UK) for blood sampling and continuous monitoring of arterial BP.
Guided by ultrasound, a 2-French micromanometer-tipped catheter (MPC-500, Millar catheter, Millar Instruments, Houston, TX) was inserted from the left carotid artery to the left ventricle for continuous monitoring of the left ventricular pressure (LVP). The pressure transducers were calibrated with a water column. The pressure data were processed and digitized for analysis. We managed to perform LVP measurements in nine pigs; the Millar catheter entered either a papillary muscle or ventricular wall in the remaining two pigs.
Systolic right ventricular pressure (RVP) was calculated indirectly as the sum of the central venous pressure and the pressure gradient between the right ventricle and the right atrium (mm Hg), by sampling the peak tricuspid regurgitation velocity (TR-V max , m/s) using the modified Bernoulli's equation (29) .
Echocardiography. We used a Vivid 7 digital ultrasound scanner (GE VingMed Ultrasound, Horten, Norway) with an integrated program for quantitative analysis (EchoPAC GE Vingmed). The transducer was a combined tissue imaging and Doppler transducer (10S) with a frequency range of 4.0 -11.0 MHz. The recordings were mainly obtained using 8.0 MHz. The strain images were obtained with a frame rate varying between 180 and 250 frames per second. Digital data were recorded over three consecutive heart cycles and analyzed offline.
Two investigators, one handling the probe and one operating the scanner, performed all ultrasound examinations. The data were sampled when both agreed that the imaging quality was optimal. The first examination was performed to exclude congenital heart defects with the pigs lying in a right lateral, semisupine position. The aortic valve diameter was measured from two-dimensional parasternal long-axis views from inner edge to inner edge at the base of the aortic valve leaflets before guiding the insertion of the Millar catheter (30) . The aortic valve diameter was later used for all calculations of cardiac output (CO). Aortic valve closure and systolic time (milliseconds) were analyzed offline and averaged over five consecutive cardiac cycles from aortic flow traces. When heart rate from the aortic traces differed more than 10 beats per minute from heart rate in strain recordings, we synchronized LV dP/dt traces with strain curves and regarded peak negative LV dP/dt as end systole to define aortic valve closure.
Further studies were performed with the pigs lying in a left lateral, semisupine position. Ultrasonographic studies were performed at baseline, after 30 min of hypoxemia, at the start of reoxygenation, and at 150 min of reoxygenation. Standard subcostal apical two-chamber (2ch) and fourchamber (4ch) views and parasternal short-axis views were used. Separate longitudinal loops were obtained to focus on the septum and the lateral wall. Sample volume was set to 2 mm for short-axis measurement and 5 mm for longitudinal measurement. Offline analyses were averaged over three consecutive cardiac cycles. Longitudinal peak strain was assessed at mid-anterior, posterior, lateral, and septal segments. In short-axis views, radial peak strain values were assessed in the anterior septum and posterior wall segments. The strain data were calculated and averaged from all three cardiac cycles. The region of interest in the two-dimensional image was repositioned during the heart cycle to compensate for the movement of the heart. This corrected strain trace was used for processing. To assess intra-and interobserver variability, all echocardiographic recordings were analyzed twice by one observer. The posterior segment was independently analyzed both from long-and short axis views by a second observer.
CO was calculated from aortic flow as systolic velocity integral ϫ valve area ϫ heart rate. All ultrasound measurements used in the final calculations for each pig were mean values, automatically calculated in the ultrasound instrument, using measurements from three to five selected sequential good quality cycles.
Biochemical assessments. Hemoglobin (Hb)-and temperature-corrected acid/base status were measured as previously described (28) . Blood sampling for analyzing cardiac troponin I (cTnI) was collected at baseline and at the end of the study, centrifuged, and kept at Ϫ70°C until analyses were performed (AIO immunoanalyzer, Innotrac, Turku, Finland).
Statistics. Values are expressed as mean Ϯ SEM. Statistical analyses were performed with SPSS 11, a t test for paired data, or analysis of variance (ANOVA) with repeated measurements of the studied variables. Due to skewed distribution of cTnI, these variables were log-transformed. A level of p Ͻ 0.05 was considered as statistically significant. Intra-and interobserver agreements were assessed by the intraclass correlation coefficient (R ic ) mean differences (Ϯ SD) (31) .
RESULTS
Hemodynamic and biochemical changes. The hemodynamic data are summarized in Table 1 . Mean baseline Hb was 6.8 Ϯ 0.3 g/L, and Ca 2ϩ 1.4 Ϯ 0.2 mmol/L. Hypoxemia time was 62 Ϯ 7 min, and an inverse relationship was found between duration of hypoxemia and increasing age of the piglets (p ϭ 0.032). No pigs had any cardiac malformation or a patent ductus arteriosus at the first examination. In two pigs, the duct reopened with a left-right shunting during the reoxygenation period. There was no difference in other hemodynamic data or strain measurements in these two pigs compared with the pigs with a closed duct.
CTnI increased from the baseline 0.05 Ϯ 0.004 g/L to end of the study 0.2 Ϯ 0.05 g/L (p Ͻ 0.01), confirming a severe hypoxic injury. LV dP/dt max decreased substantially during the experiment as a result of impaired contractility. Systemic BP and systolic LVP decreased considerably concomitant with an increased systolic RVP exceeding both diastolic and systolic BP (Fig. 1) . CO per kg increased initially during hypoxemia, but decreased toward the end of the hypoxic injury.
Two piglets died because of AV block after 20 and 50 min of reoxygenation. In the nine surviving piglets, all hemody-631 namic data had improved considerably at 150 min of reoxygenation, and restoration of LV function was partly established. The hemodynamic variables were, however, not completely restored to baseline values after 150 min.
Strain results. Table 2 shows time of systole, peak systolic strain values, and time to peak strain (TTP) at the apical 2ch and 4ch views in mid-posterior, lateral, anterior, and septal segments, and the anterior septum and posterior wall segment from short axis view.
At baseline, the pigs had negative systolic peak strain values in apical long-axis views as a sign of normal contraction. Short-axis peak strain was positive, demonstrating normal systolic thickening. Figure 2 demonstrates representative recordings of myocardial strain by Doppler echocardiography during hypoxemia. Radial systolic strains remained positive, showing thickening during hypoxemia, but maximum values were decreased and delayed. In contrast, longitudinal systolic strain became positive, showing a paradoxical lengthening in the septal and posterior segments. In the anterior and lateral segments, peak longitudinal strain values were decreased but remained negative. TTP was significantly delayed in all segments both during longitudinal and radial contractions ( Fig. 2 ; Table 2 ). During severe hypoxemia, peak strain values were delayed after aortic valve closure and end systole. After 150 min of reoxygenation, the strain values were partly restored. Even though restoration was initiated, there was still systolic paradoxical lengthening present in the posterior wall and septum in four and two pigs, respectively. At 150 min of reoxygenation, peak strain values were still delayed after aortic valve closure in three pigs.
Strain-pressure loops (Fig. 3) were constructed to further explore the different impact on longitudinal and radial LV function caused by hypoxemia. The baseline strain-pressure loops demonstrated shortening during systole for longitudinal measurements and systolic thickening for radial measurements. The areas within the strain-pressure loops represent myocardial work. Induction of global hypoxemia caused a concomitant and marked decrease in the area of the loops compared with baseline in both the longitudinal and the radial directions, demonstrating a considerably compromised myocardial function and lowered myocardial work. Furthermore, the radial contraction pattern, consisting of thickening during systole, was conserved during hypoxemia. Although the myocardial work was lowered, the loops in short-axis views still rotated clockwise and the shape of the loops was mainly preserved. Longitudinal measurements showed stretching during systole. Contrary to the normal baseline counterclockwise longitudinal strain-pressure loop, the longitudinal strainpressure loops rotated clockwise during hypoxemia, and the shape became more irregular. Reproducibility. All recordings in the posterior segment from parasternal short-axis and apical long-axis views were analyzed by two observers. Inter-and intraobserver variations were expressed as mean differences (Ϯ SD) and intraclass correlation coefficient (R ic ). Mean differences for interobserver variability were Ϫ0.72 Ϯ 2.2% and 1.4 Ϯ 2.3%, R ic were 0.90 and 0.82, respectively, indicating good agreement. Mean differences in intraobserver variation were 0.16 Ϯ 1.6% and 0.17 Ϯ 1.6% and R ic were 0.95 and 0.96, respectively.
DISCUSSION
The most striking finding in this study was that hypoxemia caused severe changes in longitudinal deformation whereas changes in radial deformation were more moderate. During hypoxemia longitudinal strain showed paradoxical stretching, while radial strain continued to demonstrate thickening. The peak amplitude of radial strain was, however, decreased and delayed. In addition, the changes in the longitudinal myocardial contraction were heterogeneous during hypoxemia. Longitudinal peak strain values were different in septal and posterior segments, compared with lateral and anterior segments. These findings suggest that longitudinal contraction may be more vulnerable to global hypoxemia than radial contraction in newborn pigs. Accordingly, in cases when radial functions appear conserved, longitudinal strain assessments may be necessary to explore possible hypoxemic injury of the myocardium.
The increased CO in the early phase of hypoxia was probably a result of increased heart rate (7), as neonates regulate their CO mainly by regulating heart rate (32). Tachycardia also leads to shorter diastole and reduced myocardial perfusion time. During the hypoxemic injury, BP decreased and the pigs became acidotic. Acidosis has a negative inotropic effect, as low pH may reduce the binding of calcium of the troponin complex (33). Accordingly, there was a marked decrease in CO toward the end of the hypoxemic insult, even Longitudinal and radial strain-pressure loops at baseline during hypoxemia and reoxygenation. The areas within the strain-pressure loops represent myocardial work. Hypoxemia induced a decrease in the area within the strain-pressure loops, demonstrating a considerably compromised myocardium and diminished myocardial work. Systole begins at the arrows, and the highest point of the loops represents LVP max . In contrast to a normal counterclockwise rotation, the longitudinal strainpressure loop inverts and rotates clockwise during hypoxemia, and the shape becomes more irregular. The radial strain-pressure loops in short-axis views rotate clockwise at baseline and during hypoxemia, and the shape of the loops was mainly preserved. 
LV FUNCTION IN HYPOXEMIC NEWBORN PIGS
though the heart rate was still increased except in three piglets with sudden bradycardia. Systolic RVP increased concomitantly, exceeding systemic BP. Subendocardial fibers probably are the first muscle fibers that become ischemic when an imbalance in oxygen delivery or coronary blood supply occurs (12, 34) . Hypoperfusion has been associated with decreased longitudinal strain, followed by diminished circumferentially and finally radial function in an animal model (35) , which agrees with the observed differences in the longitudinal and radial contraction pattern in the hypoxic pigs.
When RVP equals or exceeds LVP and systemic BP, there may be changes in intraventricular septum affecting LV filling and myocardial contraction (36) . This may contribute to the impaired contraction in the interventricular septum as assessed by changes in long-axis SDE. When the RVP increase is too high, the systolic pressure gradient across the right coronary artery (RCA) is reversed (37) , probably leading to decreased myocardial blood supply as the amount of RCA perfusion is found inversely related to the level of pulmonary hypertension (38) . Porcine myocardial posterior wall and parts of septum are predominantly supplied from the RCA (39) . Altered myocardial perfusion in the RCA territory during hypoxemia may explain why longitudinal peak strain values in the posterior and septal segments were more abnormal than peak strain in anterior and lateral segments. Further studies are necessary to evaluate this.
LV function is determined by the complex spiral orientation of the muscle fibers. Variations in fiber orientation, as well as biochemical, nutritional, and mechanical differences in muscle layers during hypoxemia may influence contraction. Longitudinal movements result from the contraction of subendocardial and subepicardial muscle fibers. Radial movement derives mainly from contraction of circumferential fibers (18) . As a result of different fiber directions, combined analysis of longitudinal and radial function allows the separation of a composite function of different fibers, which may lead to an improved understanding of the progression of dysfunction. In the present study, longitudinal function of the left ventricle, involving motion of the atrioventricular plane toward the apex was diminished. The decrease in longitudinal strain was heterogeneous. The longitudinal peak strain in the septum and the posterior wall, demonstrating paradoxical deformation with stretching, was in sharp contrast to the peak strain in the anterior and lateral walls showing shortening, as well as to the radial peak strain, which consistently demonstrated thickening, although the peak strain values were decreased and delayed. Changes in the activation sequence of long-and short-axis deformation may partly account for the differences observed (19, 40) . During hypoxemia, TTP was delayed after aortic valve closure into early diastole in segments with apparently preserved deformation pattern. This finding was present both in long-and short-axis views as a sign of ischemia and compromised myocardial performance (41). This feature is described as postsystolic shortening (11, 42) .
In this study, we found that global hypoxemia caused severe changes in longitudinal deformation, whereas changes in radial deformation were more moderate. Accordingly, in cases in which radial contraction seems to be preserved, as shown by conventional echocardiography or radial strain measurements, longitudinal strain assessments have to be performed to exclude hypoxemic injury of the myocardium. In the neonatal intensive care unit, it may be difficult to differentiate between low BP due to myocardial dysfunction and low peripheral resistance as in septicemia. The exact diagnosis of myocardial function may add important information for treatment strategies in seriously ill children. This study is a practical approach to a thorough examination of systolic dysfunction of the newborn. Strain measurements can easily be applied in a clinical setting. Data can be acquired bedside and analyzed instantaneously.
Study Limitations. Strain measurements are angle dependent. For each acquisition, care was taken to direct the Doppler beam parallel to the myocardial segment of interest. In long-axis views, separate loops were obtained to focus on the septum and lateral wall. The present tissue Doppler method cannot be used to differentiate function between the myocardial layers. In the present study, all the piglets were heavily anesthetized and instrumented. Even though we allowed a period of recovery after the initial procedures and care was taken to minimize myocardial damage, baseline values may be impaired compared with healthy, noninstrumented conscious pigs.
CONCLUSION
A complex and heterogeneous systolic pattern with distinct regional differences was found during global hypoxemia in newborn pigs. These findings indicate that the longitudinal myocardial function is more vulnerable to hypoxemic changes than the radial function as assessed by SDE, which represents a powerful diagnostic tool to diagnose compromised myocardium in newborns. The combined analyses of contraction in both long-and short-axis views provide complementary information on the variation of myocardial performance. To explore the full picture of a global hypoxemic injury, both longitudinal and radial systolic functions need to be addressed.
